A critical issue in drug development is developing effective, noninvasive delivery routes to the central nervous system (CNS). Major depressive disorder (MDD) is an illness associated with significant morbidity. Even with multiple antidepressant trials, 10-15% of patients continue to experience persistent depressive symptoms. We previously developed an interfering peptide that has antidepressant-like effects in rats when injected directly into the brain. To be clinically viable, it must demonstrate efficacy via a noninvasive administration route. We report here that the interfering peptide designed to disrupt the interaction between the D1 and D2 dopamine receptors can be delivered to relevant brain areas using the Pressurized Olfactory Device (POD), a novel intranasal delivery system developed by Impel NeuroPharma. We validate this delivery method by demonstrating that, at doses X1.67 nmol/g, the D1-D2 interfering peptide has a significant antidepressant-like effect comparable to that of imipramine in the forced swimming test (FST), a common test for antidepressant efficacy. The antidepressant-like effect of the interfering peptide can be detected for 2 h after intranasal administration. Furthermore, we show that the interfering peptide disrupts the D1-D2 interaction and it can be detected in the prefrontal cortex after intranasal administration. This study provides strong preclinical support for intranasal administration of the D1-D2 interfering peptide as a new treatment option for patients suffering from MDD.
INTRODUCTION
The neurotransmitter dopamine is involved in many processes within the brain, including motor control, cognition, reward, emotion, and pleasure. Dopamine exerts its effects through five unique dopamine receptors, termed D1 through D5. These receptors are G protein-coupled receptors (GPCRs) that contain seven transmembrane domains and initiate intracellular signaling cascades (Beaulieu and Gainetdinov, 2011) . In addition to existing as unique receptors, dopamine receptors can also couple with other proteins and receptors to form functional heterodimers that activate signaling cascades, independent from those activated by each component receptor (Maggio et al, 2009; Missale et al, 2010) . Dopamine receptors also form heterodimers through direct protein-protein interactions between D1 and D2 receptors (Free et al, 2007; Pei et al, 2010; Perreault et al, 2010; So et al, 2009 ), D1 and D3 receptors in the striatum (Ridray et al, 1998; Schwartz et al, 1998) , D2 and D5 receptors (O'Dowd et al, 2013; So et al, 2009) , D1 receptors and NMDA receptors (NMDARs) Pei et al, 2004) , and D5 and GABA-A receptors (Liu et al, 2000) , among other transmembrane and cytoplasmic proteins. Dopamine D1 and D2 receptors couple in this manner and the functional heterodimer may play a role in the pathogenesis of major depressive disorder (MDD) (Pei et al, 2010; Wong and Liu, 2012) .
MDD is a common, serious psychiatric condition that accounts for 4.4% of total global disease burden (Mann, 2005) and is often left undiagnosed and untreated in patients (Cuijpers, 2011; Mojtabai, 2009; van Beljouw et al, 2010) . Furthermore, many patients do not respond to available pharmacological or psychological treatment for MDD, with 450% of patients not responding to first-line pharmacological treatment (Papakostas, 2009; Thase et al, 2007) . Pei et al (2010) demonstrated that the D1-D2 heterodimer is upregulated in the striatum of patients with MDD. After identifying a 15-amino acid sequence within the third intracellular loop of the D2 long receptor isoform, Pei et al (2010) designed a 15-amino acid peptide that is able to disrupt this interaction both in vivo and in vitro. Furthermore, the D1-D2 interfering peptide has an antidepressant effect in the forced swimming test (FST) and the learned helplessness (LH) task, two preclinical tests for antidepressant efficacy (Pei et al, 2010) . As the invasive administration methods used limited the clinical validity of this study, we investigated whether the D1-D2 interfering peptide could be delivered to the PFC in a less-invasive, clinically applicable manner.
Many protein and peptide drugs do not cross the blood brain barrier (BBB) in effective concentrations. Direct injection into the brain or cerebral spinal fluid may lead to effectiveness but is extremely invasive and not practical in the clinical setting. Intranasal (IN) drug delivery offers a noninvasive alternative for getting protein and peptide drugs into the brain by utilizing the olfactory neuronal distribution pathways in the cribriform plate that lead to direct nose-to-brain drug distribution (Dhuria et al, 2010) . IN administration can lead to a direct transfer of protein and other types of drugs from the nose to the brain in similar or higher concentrations than can be obtained by systemic administration (Hoekman and Ho, 2011a; Shemesh et al, 2012; Yang et al, 2013) . In some cases, IN drug delivery can result in 100-fold increases in protein drug concentration in multiple brain regions (Dhuria et al, 2010) . A number of proteins including insulin and nerve growth factor have been delivered effectively to the central nervous system (CNS) IN in both animals and humans (De Rosa et al, 2005; Renner et al, 2012; Shemesh et al, 2012) . Some of the other advantages of IN drug delivery include the possibility for at-home use, multiple dosings a day, and its cost effectiveness.
Depositing drug on the difficult to target olfactory region of the nasal cavity is critical to achieving direct nose-tobrain delivery. Impel NeuroPharma (Seattle, Washington) has developed a Pressurized Olfactory Delivery (POD) device to specifically deposit a majority of drug on the olfactory region of the nasal cavity, as illustrated in Figure 1a (Hoekman and Ho, 2011a, b) . Impel has created POD devices for rats, primates, and humans to ensure easy scale-up from preclinical to clinical studies. Administering our interfering peptide with the POD device has the potential to accelerate the development of this therapeutic and allow rapid adoption as a treatment for depression.
The purpose of this study is to test whether we can effectively administer the D1-D2 interfering peptide to the brain using IN delivery. Intranasal delivery is clinically applicable, offers a direct pathway to the brain, and is a noninvasive method to target therapeutics to the CNS (Dhuria et al, 2010; Jansson and Bjork, 2002; Ross et al, 2008) . We show that at sufficient doses, IN administration of the D1-D2 interfering peptide has a significant antidepressant effect in the FST for up to 2 h after IN administration. Furthermore, the interaction between D1R and D2R is reduced in animals that received IN injections of the D1-D2 interfering peptide, suggesting that the antidepressant efficacy of this peptide is because of its ability to disrupt the interaction between D1R and D2R.
MATERIALS AND METHODS

Animals
Adult male Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA) were used in all experiments. Rats were pair-housed at a constant temperature (20-23 1C) on a 12-h light/dark cycle with unrestricted food and water. After arriving at the facility, rats were acclimatized for 1 week before behavioral testing and injections began. All rats weighed 300-350 g when they underwent behavioral testing. All experimental procedures were approved by the animal care committee at the Centre for Addiction and Mental Health (Toronto, ON).
IN and IP Injection Procedures
Animals were anesthetized using 5% isoflurane (Benson Medical Industries) for 3 min. Rats were then placed in a supine position and dosed with the POD developed by Impel NeuroPharma. The POD tip (with the relevant dose) was inserted B8-10 mm into the rat's nostril, angled toward the olfactory epithelium (toward the top of the head) and the propellant can was fired for 1 s (Figure 1a ). After 2 s, the POD tip was slowly removed. Animals were replaced in the anesthetic chamber in the supine position for 4 min at decreasing isoflurane concentrations, and then replaced in their cages. Rats that bled from their nostrils after IN administration were eliminated from the study. The time of injection was recorded as the time at which the animals woke up from the anesthesia. Animals given intraperitonal (IP) injections were also anesthetized following the same procedure outlined above, but were given IP injections into the abdominal cavity and not IN injections.
Substances Injected IN and IP
In each experiment, animals received the same total number of IN injections (3-4) in alternating nostrils over a 24-h period. Animals received filtered saline (0.9% NaCl, 8-12 ml), the D1-D2 interfering peptide (TAT-D1-D2-IPep; 8-12 ml, 50 mM), or a amino acid membrane-permeable TAT peptide (TAT-Pep; 8-12 ml, 50 mM) from the human immunodeficiency virus 1 (HIV1) TAT protein (Schwarze et al, 1999) . The 9-amino acid TAT peptide sequenced from the HIV1 TAT protein (YGRKKQRRR) (Schwarze et al, 1999) rendered the peptides cell permeable. Peptides were synthesized by Gen Script (New Jersey, USA) and/or Biomatik (Cambridge, Ontario). Imipramine hydrochloride (15 mg/ml, Sigma-Aldrich) was given at a dose of 15 mg/kg via IP injections.
FST Procedure and Data Analysis
The FST is an acute test for antidepressant efficacy developed by Porsolt et al (1977) . On the first day of the test, animals undergo a training session where they are placed in an inescapable plexiglass cylinder (60 cm high and 20 cm in diameter) filled with 40 cm of water at a temperature of 25 ± 0.2 1C for a 15-min training session on day 1 of the test. The water was changed between each testing session. In accordance with the dosing schedule established in the literature and used previously (Lucki, 1997; Pei et al, 2010; Porsolt et al, 1978; Porsolt et al, 1977) animals were dosed three times between the training and testing sessions: 30 min after the 15-min training session, 5 h after training, and 1 h before undergoing the FST. At 24 h after the training session and 1 h after the last behavioral intervention, the rat was replaced in the same cylinder for 5 min. After both the training and test FST sessions, rats were towel-dried and placed in a heated cage for a minimum of 15 min.
The 5-min session of the FST was video recorded and animal behavior during the FST was scored at a later date after the experimenter was blinded to the treatment groups. The animal's activity during the FST was segregated into four behaviors, in keeping with the literature and previous studies (Lucki, 1997; Pei et al, 2010; Porsolt et al, 1977) : immobility, swimming, climbing, and diving. Mean behavior counts across all treatment groups were analyzed by one-way independent groups analysis of variance (ANOVA). The post hoc Newman-Keuls multiple comparisons tests were used to evaluate differences across individual groups, as necessary.
To evaluate the efficacy of the D1-D2 interfering peptide at various doses, we compared immobility behavior in animals that received IN injections of 0.5 nmol/g (n ¼ 6), 1 nmol/g (n ¼ 6), 1.67 nmol/g (n ¼ 7), 2 nmol/g (n ¼ 8), and 4 nmol/g (n ¼ 3) TAT-D1-D2-IPep to those who received IN injections of saline (n ¼ 16 across all doses), TAT-Pep (1.67 nmol/g, n ¼ 6), or imipramine (15 mg/kg, n ¼ 17 across all doses).
To evaluate the length of time the D1-D2 interfering peptide remains active in the body, we varied the amount of Figure 1 A FLAG-tagged D1-D2 interfering peptide has an antidepressant effect after intranasal administration. (a) The rPOD working model: the rPOD tip is designed to navigate the complex naris of the rat while targeting the olfactory epithelium. The rPOD is positioned deep into the nasal cavity, where its close proximity with the target-dosing region gives optimal deposition for nose-to-brain delivery. (b) Immunofluorescent staining of PFC slices from animals that received intranasal injections of the D1-D2-FLAG-tagged interfering peptide (1.67 nmol/g) or saline. Prefrontal cortical slices were stained with anti-FLAG antibodies and imaged at Â 25 using a confocal microscope. Panels show Neurotrace 530/615 (left), Cy2-conjugated secondary antibodies to anti-FLAG (middle), and merged (right) channels. (c) The D1-D2-FLAG interfering peptide has an anti-immobility effect in the FST after intranasal administration. TAT-D1-D2-FLAG-IPep and TAT-Pep administered intranasally at a dose of 1.67 nmol/g. Data were analyzed using one-way independent groups ANOVA followed by Newman-Keuls post hoc multiple comparisons tests. **po0.01 compared with saline;^po0.05 compared with TAT-Pep. No significant difference was observed between behavior in animals who received saline or TAT-Pep. Error bars represent SEM.
time between IN injection of the TAT-D1-D2-IPep or TATPep and the 5-min FST. We compared immobility behavior in animals that received IN injections of the D1-D2 interfering peptide or TAT-Pep (1.67 nmol/g) at 1, 2, 3, or 4 h (n ¼ 5-6 per treatment and time point) before the FST with those who received IN injections of saline (n ¼ 6) or IP injections of imipramine (15 mg/kg, n ¼ 6) at 1 hour before the FST. In each of these experiments, immobility behavior across treatment groups at each time point was compared using one-way independent groups ANOVA followed by Newman-Keuls multiple comparisons tests.
Locomotor Activity Test
We tested whether the D1-D2 interfering peptide had an effect on activity during a 30-min locomotor activity test. Rats that had previously been exposed to the FST were given To record locomotor activity, rats were placed in a custom-made locomotor activity recording apparatus. Each animal was placed in a 20 cm high, 20 cm wide, and 30 cm long cage (standard housing cage) in the locomotor apparatus for 30 min in a dark room. Rats had not previously been exposed to the testing room or to the locomotor activity boxes. An array of 11 infrared photocells was placed along the long axis of the cages. Interruption of infrared beams (Beam Breaks) was used as a measure of locomotor activity. Locomotor activity was recorded in 5-min bins and for the entire 30 min. Total activity data were analyzed via one-way independent groups ANOVA, followed by Newman-Keuls multiple comparisons tests, using Prism Software (GraphPad Software). The locomotor activity at various time points during the test was analyzed by two-way independent factors ANOVA with treatment group (saline, imipramine, TAT-Pep, and TAT-D1-D2-IPep) and time point (5, 10, 15, 20, 25 , and 30 min) as main factors.
Co-Immunoprecipitation
Animals were killed the day they completed the FST or, if applicable, the open field test. Animals were anesthetized for 3 min with 5% isoflurane and were decapitated. Their brains were quickly removed and relevant tissue areas were dissected on ice and stored at À 80 1C for subsequent use in biochemical assays. We investigated the co-immunoprecipitation of the D1 receptor by an antibody against the D2 receptor in the PFC of animals who had received IN injections of the D1-D2 interfering peptide or saline. We compared animals who had been given IN injections of TAT-D1-D2-IPep (IN, 1.67 nmol/g, n ¼ 3) or saline (IN, n ¼ 3) and had been exposed to the FST. For coimmunoprecipitation, solubilized proteins from the PFC and striatum (500 mg) from each animal were incubated with 1 mg goat polyclonal anti-D2DR (N-19, Santa Cruz Biotechnology) and protein A/G PLUS agarose beads (Santa Cruz Biotechnologies) overnight. A control sample was incubated with polyclonal Goat IgG (Sigma-Aldrich) to confirm the absence of nonspecific immunoprecipitation.
After incubation, the immunoprecipitated proteins were washed and incubated with SDS sample buffer (Bio-Rad) at 37 1C for 40 min before being separated from the Protein A/ G PLUS-agarose beads using centrifugation. Immunoprecipitated proteins were then subjected to separation using 10% SDS-Page gels, transferred onto nitrocellulose membranes, and immunoblotted overnight using anti-D1DR (D187, Sigma-Aldrich). Each immunoblot included samples from saline and TAT-D1-D2-IPep treatment groups, a control sample incubated with goat IgG (Sigma-Aldrich), and 75 mg of tissue-extracted input protein from PFC tissue. After overnight incubation, secondary antibodies conjugated with horseradish peroxidase were applied to the blots for B2 h. After washing, immunoblots were developed with ECL reagent (GE Healthcare) and imaged using a Bio-Rad ChemiDoc MP system (Bio-Rad Technologies). To quantify the expression of protein, we conducted densitometry analyses using ImageLab software (Bio-Rad Technologies). Densitometry data were analyzed using two-tailed, unpaired Student's t-tests (Prism Software, GraphPad). Co-immunoprecipitations for each sample were repeated a minimum of three times.
Immunofluorescence and Confocal Microscopy
To visualize the peptide in the prefrontal cortex after IN administration, an 8-amino acid FLAG-tag (Sequence: DYKDDDDK) (Hopp et al, 1988) was fused to the C-terminal of the interfering peptide. After IN administration of TAT-D1-D2-FLAG-IPep or saline and behavioral testing, animals were killed by transcardiac perfusion followed by perfusion with 60 ml 4% paraformaldehyde (in PBS). Subsequently, whole brains were dissected and stored in 4% paraformaldehyde overnight. The next day, brains were transferred to a 20% sucrose cryoprotection solution for 48 h. The tissue was then stored at À 80 1C for subsequent use.
The olfactory bulbs and prefrontal cortex of rat brains from each condition (TAT-D1-D2-FLAG-IPep and Saline) were cut into 12 mM sections using a cryostat. Brain slices were blocked for nonspecific antibody interactions using 5% donkey serum (Sigma-Aldrich) for 1 h, before staining overnight with an anti-FLAG monoclonal antibody (Mouse monoclonal, M2, Sigma-Aldrich). Sections were then incubated with a secondary immunofluorescent antibody (Donkey anti-Mouse Cy2-conjugated antibody, Jackson Immuno Research Laboratories) before being counterstained with NeuroTrace 530/615 red fluorescent Nissl Stain (Molecular Probes, Invitrogen). Sections were mounted on slides with PureGold Anti-Flag Mounting Reagent (Molecular Probes, Invitrogen) and stored at 4 1C. Sections were visualized and imaged using a Zeiss LSM 510 confocal microscope. Images of PFC brain slices in both conditions were taken under Â 25 magnification. Cy2 Immunofluorescence was imaged using an Argon laser with maximum excitation at 488 nm. To detect the NeuroTrace 530/615 stain, we used a Helium 1 laser with maximum excitation at 530 nm. Images were overlayed using ImageJ software.
RESULTS
A FLAG-Tagged D1-D2 Interfering Peptide Can be Detected in the PFC after IN Administration and Has an Anti-Immobility Effect in the FST As an initiation step to test whether the D1-D2 interfering peptide is detectable in the PFC after IN delivery, we administered a D1-D2 interfering peptide with an additional 8-amino acid FLAG tag using the POD and subsequently visualized it in the PFC using immunofluorescent microscopy. After completing the FST test, PFC slices from rats in the D1-D2-FLAG interfering peptide and the saline treatment groups were stained using an anti-flag immunofluorescent antibody. As shown in Figure 1b , we were able to detect the presence of the D1-D2 interfering peptide, whereas slices from the saline treatment group had little to no immunofluorescence. The FLAG-tagged D1-D2 interfering peptide could be detected both intracellularly in neuronal cell bodies within the medial and lateral PFC and extracellularly, implying that the interfering peptide can be delivered to PFC via IN delivery.
We then compared immobility behavior after IN administration of the FLAG-tagged D1-D2 interfering peptide in FST. TAT-peptide, saline, and imipramine were used as control groups. As shown in Figure 1c , the FLAG-tagged D1-D2 interfering peptide significantly decreased immobility behavior during the FST to an extent comparable with imipramine and significantly different from that of saline or TAT-peptide (F(3, 14) ¼ 7.746, po0.05, n ¼ 4-5 per group).
The D1-D2 Interfering Peptide Has an Antidepressant Effect in the FST at Doses of 41.67 nmol/g (5.75 mg/kg) To further confirm the behavioral effect of the D1-D2 interfering peptide and to explore the efficiency of IN delivery, we tested the antidepressant-like effect of the D1-D2 interfering peptide at various concentrations. We chose the initial dose of 1.67 nmol/g (5.75 mg/kg) body weight based on the fact that previous studies suggested that the efficiency of IN delivery to CNS is 1-5% of the total IN dose (Dhuria et al, 2010) . Our previous study indicated that the direct microinjection dose required for the D1-D2 interfering peptide to have an antidepressant-like effect is 5 nmol (Pei et al, 2010) . For a rat weighing 300-325 g, we calculated that a sufficient IN dose would be B500 nmol (5 nmol Â 100). As nmol/g body weight, the dose is 1.67 nmol/g (500 nmolÄ300 g; 5.75 mg/kg).
Animals that received IN administration of the D1-D2 interfering peptide at 1.67 nmol/g were significantly less immobile compared with those that received saline or the control TAT peptide (Figure 2a) . Furthermore, the behavior of animals that received the D1-D2 interfering peptide was comparable to those that received imipramine. A one-way independent groups ANOVA with treatment group as the main factor revealed that the D1-D2 interfering peptide statistically decreased the observed immobility behavior when compared with rats that received IN injections of saline or TAT-peptide (Figure 2a) .
We then extended the IN dose of the peptide to 0.5, 1, 2, and 4 nmol/g (1. 72, 3.44, 6.86, 13 .77 mg/kg, respectively). As shown in Figure 2b , the D1-D2 interfering peptide had a similar anti-immobility effect at IN doses of X1.67 nmol/g (5.75 mg/kg): dose 4.0 nmol/g (F(2, 6 ¼ 9.207, po0.01) and dose 2.0 nmol/g (F(3, 27) ¼ 6.836, po0.01). The D1-D2 interfering peptide did not have a significant anti-immobility effect at doses o1.67nmol/g, dose 1.67 nmol/g (F(3, 21) ¼ 12.25, po0.001), dose 1.0 nmol/g (F(2, 19) ¼ 9.653, po0.01), and dose 0.5 nmol/g (F(3, 20) ¼ 7.37, po0.01). There was no statistically significant difference between immobility behavior in groups that received saline or TAT-peptide (all doses, p40.05), whereas animals that received imipramine (15 mg/kg) consistently demonstrated a significant decrease in immobility behaviors comparable to those that received saline (po0.05) and TAT-peptide (all TAT-peptide doses, po0.05; Figure 2b ). Figure 2 The D1-D2 interfering peptide has an antidepressant effect in the FST when administered intranasally. (a) Effect of the D1-D2 interfering peptide on immobility, swimming, and diving behaviors during the 5-min FST. After intranasal administration using the POD, the D1-D2 interfering peptide (dose ¼ 1.67 nmol/g) significantly decreases immobility and increases swimming behavior in the FST. Data for each standard behavior (immobility, swimming, and diving) were analyzed using one-way independent groups ANOVA followed by Newman-Keuls post hoc multiple comparisons tests. **po0.01, ***po0.01 compared with saline;^p o0.01,^^^po0.001 compared with TAT-Pep. No significant difference was observed between behavior in animals who received TAT-D1-D2-Ipep or imipramine. (b) Effect of various doses of the D1-D2 interfering peptide on immobility behavior during the 5-min FST. Data at each dose were compared using one-way independent groups ANOVA. ***Po0.001, **po0.01, *po0.01 compared with saline; ## po0.01, # po0.05 compared with imipramine. Numbers below data points are number of animals per group. Error bars represent SEM.
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The D1-D2 Interfering Peptide Has an Antidepressant Effect in the FST for 2 h after IN Administration Next, we determined the duration of the behavioral antidepressant effect of the D1-D2 interfering peptide. To do this, we increased the length of time between the final IN injection and the 5-min FST, while keeping the total amount of IN injection treatments and the doses that animals received constant. We compared animals that received IN injections of the D1-D2 interfering peptide at 1, 2, 3, and 4 h before the 5-min FST to those that received TAT-peptide, saline, and imipramine. We treated the imipramine and saline treatment groups as positive and negative controls, respectively, and administered these treatments 1 h before the FST.
At each time point, we compared immobility behavior during the 5-min FST in animals that had received the D1-D2 interfering peptide with those that received the TATpeptide, saline, or imipramine using one-way independent groups ANOVA (2 h: F(3, 19) ¼ 5.399, po0.01, n ¼ 5-6 per group; 3 h: F(3, 20) ¼ 4.669, po0.01, n ¼ 5-6 per group; and 4 h: F(3, 19) ¼ 3.727, po0.05, n ¼ 5-6 per group). At 2 h after IN administration, animals that received IN administration of the D1-D2 interfering peptide displayed significantly decreased immobility compared with animals that received TAT-peptide (po0.05) or saline (po0.05) and had comparable immobility behavior to animals treated with imipramine (p40.05). However, this effect was no longer statistically significant at the 3 and 4 h time points, where groups that received the D1-D2 interfering peptide no longer demonstrated significantly different immobility behaviors from those that received saline or TAT-pep (p40.05, both groups; Figure 3 ).
IN Administration of the D1-D2 Interfering Peptide Disrupts the Interaction between D1R and D2R in the PFC
The D1-D2 interfering peptide is designed to specifically disrupt the interaction between the C-terminal cytosolic tail of the D1 receptor and the third intracellular loop of the D2-long receptor. Our laboratory previously demonstrated that it significantly disrupts this interaction in vivo, after administration via direct microinjections to the PFC and other brain areas (Pei et al, 2010) . Here, we investigated whether IN administration of the D1-D2 interfering peptide was also able to disrupt the protein-protein interaction between the D1 and D2 receptors. We compared the co-immunoprecipitation of the D1 receptor by an anti-D2 antibody in tissue from the PFC of animals that had received IN injections of the D1-D2 interfering peptide or saline and had been exposed to the FST (Figure 4a) . Quantification of the immunoblots revealed that the immunoprecipitation of the D1 receptor by anti-D2 receptor was significantly decreased in animals that received the D1-D2 interfering peptide compared with those in the saline treatment groups (n ¼ 3 per group; t(4) ¼ 3.872; po0.05; Figure 4b ). Total protein levels of the D1 and the D2 receptor were unaffected by IN administration of the D1-D2 interfering peptide (Figure 4c and d) . This result suggests that the D1-D2 interfering peptide specifically disrupts the protein-protein interaction between D1 and D2 receptors.
IN Administration of the D1-D2 Interfering Peptide Does Not Increase Locomotor Activity During a 30-Min Activity Test
We examined the effect of the D1-D2 interfering peptide on locomotor activity to investigate whether the anti-immobility effect of the D1-D2 interfering peptide in the FST was due to its specific anti-depressant effects or to any resultant global increase in locomotor activity in the D1-D2 interfering peptide treatment group. To test this, we compared the amount of locomotor activity during a 30-min activity test in animals given IN injections of saline (n ¼ 5), TAT-Pep (IN, 2 nmol/g, n ¼ 5), TAT-D1-D2-IPep (IN, 2 nmol/g, n ¼ 5), or imipramine (IP, 15 mg/kg, n ¼ 5). A one-way independent groups ANOVA of locomotor activity (as measured by Beam Breaks) revealed a significant difference among all four treatment groups (n ¼ 5 per group, F(3, 16) ¼ 9.775 po0.001; Figure 5a ). Animals in the D1-D2 interfering peptide, TAT-peptide, or imipramine treatment groups had significantly lower overall locomotor activity during the 30-min test than animals in the saline group (n ¼ 5 per group, all groups compared with saline treatment). We also compared the time course of locomotor activity between these groups using a two-way independent Figure 5b ). From these results we can conclude that the D1-D2 interfering peptide is not increasing motor activity in a global manner, and thus is not acting as a stimulant in the FST.
DISCUSSION
Our study investigates whether peptide therapies designed to disrupt pathological interactions between two membrane receptors can be effectively delivered to the CNS in a noninvasive manner. We show that the D1-D2 interfering peptide, designed to disrupt the interaction between D1 and D2 dopamine receptors (Pei et al, 2010) , has an antidepressant effect in the FST after IN delivery (Figure 2a) . We demonstrate that the POD used in this study deposits a FLAG-tagged D1-D2 interfering peptide in the PFC in detectable amounts (Figure 1b) . Administration of the D1-D2 interfering peptide at doses of 45.75 mg/kg (1.67 nmol/g) has a significant anti-immobility effect that was comparable to that of imipramine in the FST, for up to 2 h after IN administration (Figures 2b and 3 ). These findings demonstrate the efficacy of the IN pathway for peptide delivery to the CNS, expanded upon our laboratory's previous findings that the D1-D2 interfering peptide had an antidepressant effect in animal models of depression (Pei et al, 2010) , and provide a solid basis for further development of this therapy as a noninvasive, clinically applicable treatment for MDD. In animals that received POD injections of the D1-D2-FLAG-tagged interfering peptide, we detected Cy-2 fluorescence conjugated to anti-FLAG antibodies both intracellularly and in extracellular areas of PFC slices (Figure 1a) . We focused on investigating whether we could detect the D1-D2-FLAG peptide in the prefrontal cortex because in our laboratory's previous study, it only had an antidepressant effect when infused directly to the prefrontal cortex and not in other brain areas (Pei et al, 2010) . Our results suggest that the PFC D1-D2 complex may be involved in the pathophysiology of depression. Thus, the PFC is the likely .67 nmol/g, n ¼ 3) or saline (IN, n ¼ 3) revealed no significant differences between D2 receptor expression. Data were quantified using densitometry and analyzed using unpaired, two-tailed Student's t-test (*p40.05).
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One of the shortcomings of this study is that it was difficult to quantify the proportion of our original dose of D1-D2 interfering peptide that was effectively delivered into the neuronal cells of the PFC. However, we observed an antidepressant effect in the FST at an IN D1-D2 interfering peptide dose of X1.67 nmol/g, B100-fold larger than that given directly to the prefrontal cortex (5 nmol per injection) in our previous study (Pei et al, 2010) . We chose this starting dose based on previous studies of IN administration of small proteins such as NGF and insulin to the CNS that indicated that the efficiency of delivery to the CNS is between 1 and 5% (De Rosa et al, 2005; Dhuria et al, 2010; Francis et al, 2008; Marks et al, 2009) . Although the proportion of the original IN dose of the D1-D2 interfering peptide present in the PFC after IN administration remains unknown, our results suggest that the efficiency of delivery to the CNS after IN administration using the POD device is at least 1-5%. Another shortcoming of this study is that we used FST, an animal model for testing antidepressant-like effect. It is important to be aware that FST is not an animal model of depression.
Numerous previous studies regarding protein and peptide delivery to the CNS have indicated that proteins such as NGF (Chen et al, 1998; De Rosa et al, 2005) , insulin (Francis et al, 2008; Renner et al, 2012; Shemesh et al, 2012) , and IGF-1 (Fletcher et al, 2009; Liu et al, 2001; Thorne et al, 2004) preferentially enter the CNS through extracellular channels between the olfactory receptor neuron (ORN) axons and the olfactory ensheathing cells protecting them from the cribiform plate (Dhuria et al, 2010; Wu et al, 2008) . As a result, it is probable that preferentially depositing substances onto the olfactory epithelium where ORN axons originate would increase the amount of D1-D2 interfering peptide delivered to the CNS while minimizing loss to the periphery. The POD is designed to preferentially deposit substances on the olfactory epithelium ( Figure 1a ) and, hypothetically, once there, substances are then transported to the CNS via extracellular pathways around the olfactory receptor neuron axons. However, the mechanism by which the D1-D2 interfering peptide is transported to the CNS and PFC remains unknown. It is likely that the D1-D2 interfering peptide is being transported to the CNS via extracellular mechanisms, as the POD device preferentially deposits substances on the olfactory epithelium (Hoekman and Ho, 2011a,b) , relatively short time is required for transport to the PFC (Figure 3) , and previous studies demonstrate that peptides of this type are transported to the CNS via extracellular mechanisms (Baker and Spencer, 1986; Jansson and Bjork, 2002; Yang et al, 2013) . A recent study by Yang et al (2013) showed that for a 22-amino acid, TAT-linked membrane-permeable peptide similar in size to the D1-D2 interfering peptide, an IN dose of only 7% that of the IV dose previously administered (Nijboer et al, 2008) was able to alleviate hypoxia-induced ischemic brain injury in a rat preclinical model. The authors also demonstrate that their TAT-linked peptide was detectable in the olfactory bulbs and anterior brain areas such as the PFC at only 10-30 min after delivery (Yang et al, 2013) , a result that suggests that their peptide was being transported to the CNS via the extracellular pathways in the olfactory epithelium. Alternately, the peptide could be transported intracellularly by the olfactory receptor, a process that requires diffusion of the peptide into the ORNs and subsequent transport via axonal transport mechanisms to the axon terminals in the olfactory bulbs (Dhuria et al, 2010) . This is unlikely, as previous studies have shown that intracellular transport of this type takes significantly longer than 1 h (Dhuria et al, 2010; Wu et al, 2008) .
A third possibility is that the D1-D2 interfering peptide is absorbed into the systemic circulation through the nasal capillary bed, as the nasal cavity contains extensive Locomotor activity data were analyzed by one-way independent groups ANOVA (po0.001) followed by post hoc Newman-Keuls multiple comparisons tests. ***po0.001, **po0.01, compared with saline. (b) The D1-D2 interfering peptide decreases overall locomotor activity but does not change the activity pattern during a 30-min open field test. Each Point on the test represents total number of beam breaks during the previous 5-min of the open field test. Data across treatment group and time points were analyzed using two-way independent groups ANOVA with time point and treatment group as independent factors. There was a significant main effect for time course (po0.001) and treatment group (po0.001) but no significant interaction between the two factors. Each group has n ¼ 5 animals. TAT-D1-D2-Ipep and TAT-Pep were given at an intranasal dose of 2.0 nmol/g. Error bars represent SEM.
capillaries and vascularization. After uptake into the bloodstream, the peptide would be transported throughout the body via systemic circulation, resulting in diffuse administration of the peptide and proportionally less of the IN dose transported to the CNS. Second, the peptide would need to cross the BBB, and, although peptides containing a membrane-permeable TAT sequence are permeable to the BBB (Schwarze et al, 1999) , they require an extremely high systemic dose to enter the CNS in appreciable amounts, resulting in comparatively less of the starting dose reaching the CNS, and the PFC in particular. A number of studies from our laboratory support this, and suggest that TATlinked peptides need to be administered at a systemic dose of 3 nmol/g in order to be transported to, and have any pharmacological effect within the CNS. In the present study, the minimum effective dose we tested was 1.67 nmol/g, 55% that of a typical systemic dose, implying that our IN delivery method has some specificity to the CNS. Although it is likely that after IN administration some of the D1-D2 peptide is taken up into the circulation, it is unlikely that this is the principle mechanism of transport to the CNS.
The D1-D2 interfering peptide has a significant antiimmobility effect in the FST at doses of X1.67 nmol/g (5.75 mg/kg; Figure 2 ). At these doses, the antidepressant effect of the D1-D2 interfering peptide in the FST is comparable to that of imipramine, a clinically effective tricyclic antidepressant. We further tested whether the behavioral response to the D1-D2 interfering peptide would differ at doses higher or lower than our original dose (1.67 nmol/g). We did not observe any appreciable increase or decrease in immobility behavior at D1-D2 interfering peptide doses of 41.67 nmol/g. Thus, there may be some threshold dose of the D1-D2 interfering peptide required to produce an anti-immobility effect in the FST, beyond which no additional antidepressant efficacy is conferred.
At the minimally effective IN dose, 1.67 nmol/g, the D1-D2 interfering peptide has an anti-immobility effect in the FST for 2 h, but not 3 h, after IN administration. The absence of a behavioral effect at 3 h after IN administration is likely because of degradation of the D1-D2 interfering peptide as it is transported from the olfactory epithelium to the CNS, and within the CNS itself, as the mucous membranes in the nasal cavity and covering the olfactory epithelium contain proteases capable of degrading peptide bonds (Wu et al, 2008) . Small peptides such as the D1-D2 interfering peptide disrupt the interaction between two proteins by competitively binding to the interacting regions, and, as such, must remain properly folded in order to effectively bind to these regions. The longer the D1-D2 interfering peptide is in the body, the more degradation occurs, resulting in loss of its pharmacological effects in the CNS. Strategies to improve the stability of the D1-D2 interfering peptide will be useful in increasing the duration of its pharmacological antidepressant effect.
Beyond the D1-D2 interfering peptide's ability to disrupt the interaction between D1 and D2 receptors in the PFC, the cellular and neurobiological mechanisms leading to its antidepressant efficacy remain unclear. Having said that, Pei et al (2010) document an increase in D1-D2 receptor interaction in the striatum of patients with MDD. This observation is correlative in nature and could be because of neurobiological changes from antidepressant treatments or a result of other confounding factors inherent in human studies. As such, no causal role for the D1R-D2R in the pathogenesis of MDD in the striatum has been shown. Although it is important to address, this lack of mechanistic insight is not uncommon for psychiatric medications, and should not necessarily hinder further development of this peptide as a novel antidepressant therapy. For example, beyond the acute increases in serotonin produced by SSRI-type antidepressants, the long-term neuronal changes that result in their ability to alleviate the symptoms of depression remain largely unknown (Belmaker and Agam, 2008; Mann, 2005) .
One possible mechanic explanation for the antidepressant effects of the D1-D2 interfering peptide is that it causes an increase in the expression of BDNF in the prefrontal cortex and other brain areas. Unpublished data from our laboratory indicate that after ICV delivery of the D1-D2 interfering peptide to animals undergoing learned helplessness task, BDNF protein levels were elevated in PFC compared with animals that had received saline infusions (F Liu lab, unpublished data). Presumably, the D1-D2 interfering peptide has this effect because it blocks intracellular pathways that act to inhibit BDNF expression. Consistently, evidence from post-mortem human studies indicate that BDNF serum levels are decreased in the prefrontal cortex of patients diagnosed with MDD and committed suicide, and is increased in patients on long-term antidepressant treatment (Dwivedi et al, 2003; Karege et al, 2005; Pandey et al, 2008) . However, a study from Hasbi et al (2009) suggests that D1-D2 receptor heterodimer activation could result in transcription of BDNF in cultured neurons derived from the ventral striatum. Taken together, it seems that the effect of BDNF levels on depression-like behaviors is region dependent (Autry and Monteggia, 2012) and the D1-D2 interfering peptide could have different downstream effect in different neuronal populations.
Interestingly, the D1-D2 interfering peptide, TAT peptide, and imipramine all significantly decreased locomotor activity during a 30-min test ( Figure 5 ). When we examined locomotor activity in 5-min intervals, we found no significant interaction between treatment group and time (Figure 5b ). This suggests that although the amount of locomotor activity was decreased in animals that received imipramine, TAT peptide, or D1-D2 interfering peptide as compared with the saline, the overall behavioral patterns did not change. Interestingly, in the study of Pei et al (2010) , direct microinjections of the D1-D2 interfering peptide or the TAT peptide to the PFC, nucleus accumbens, or hippocampus did not significantly alter locomotor activity during a 30-min open field test, whereas animals in the imipramine treatment group displayed decreased locomotor activity in the open field test, a result consistent with other studies of the sedative effects of imipramine in this test (Tucker and File, 1986) . The difference in our results may be because of differences in testing methodology between this study and our laboratory's previous study (Pei et al, 2010) . These include the method of administration (IN administration vs direct microinjections), the fact that the IN doses of the D1-D2 interfering peptide and TAT peptide were much larger than those administered directly to the PFC, and the repeated use of isoflurane anesthetic in all groups.
Our results demonstrate that the D1-D2 interfering peptide has an antidepressant effect in a pharmacologically valid preclinical test for antidepressant efficacy after IN delivery. Furthermore, our study has provided important, clinically relevant information vital to further development of the D1-D2 interfering peptide as a clinically viable treatment for MDD. At the same time, our results have raised a number of interesting questions about the antidepressant mechanism of the D1-D2 interfering peptide as well as the IN pathway used to deliver these peptides to the CNS. Further preclinical studies should be conducted to conclusively determine whether the D1-D2 interfering peptide can be tested as a novel antidepressant in the clinical setting.
